ABSTRACT: Survey data on seabird distribution at sea, hydrographic data and optical satellite data collected for the German Bight were used to analyse the variability of the distribution of wintering redthroated diver and black-throated diver Gavia stellata/arctica in relation to oscillations of the Jutland Coastal Current (JCC) and associated surface fronts. Data collected from hydrographic stations were summarised by means of principal component analysis; the first component, reflecting characteristics of the JCC, provided a satisfactory quantitative measurement of the average meso-scale habitat used by both species. The pelagic range of divers clearly followed the outer estuarine front between surface North Sea water and the JCC, which was located between the 20 and 30 m depth contours. Despite a highly transient trailing edge of the JCC, no divers were ever observed in North Sea water. Hydrographic as well as composited satellite CZCS (Coastal Zone Color Scanner) data indicated the presence of an inner front, spanning a stronger surface salinity gradient than the outer estuarine front. The inner estuarine front was located between mixed estuarine water, with salinities between 32 and 34 psu, and the core of the estuarine water mass from the river Elbe, with salinities below 32 psu. Seven-year composite images, produced from all available CZCS-Chl (chlorophyll) data taken over the German Bight during the Nimbus-7 mission, revealed the mean distribution of the inner estuarine front as a sharp gradient between the 15 and 20 m depth contours, extending less than 10 km in longitude. The variability of the inner estuarine front was measured over a series of cruises, and it indicated a quasi-stable structure; the prevailing position of the surface front was in a zone stretching from 07°30' E at Horns Reef (55°45' N) to 07°50' E south of Amrum Bank (54°30' N), except during easterly winds when the front was advected offshore as far as 6°50' E. The recorded patches of high densities of divers were almost confined to areas within 5 km distance from the mean frontal zone. The link between divers and the inner estuarine front seemed rather persistent, as peak densities coincided with the location of this front during all cruises, while lower densities were normally observed in the core Elbe water and in the mixed water outside the front. The authors suggest that the quasi-stability and strength of the inner estuarine front give rise to a predictable location of food resources (i.e. small fish) for divers in the German Bight. Our study highlights the potential for frontal structures of the JCC to influence the marine ecosystem of the southeastern North Sea.
INTRODUCTION
Although the German Bight is strongly influenced by estuarine water from several large rivers, including the Elbe, knowledge of the impact of this input of riverine water on the ecosystem in the Bight is limited. Recent surveys show the presence of large numbers of piscivorous seabirds, particularly red-throated and blackthroated divers Gavia stellata/arctica, which spend their non-breeding season in the area of estuarine impact north of the outlet of the river Elbe . The estuarine water mass and the associated surface salinity front is generally regarded as a permanent feature which, unlike the tidal mixing front, is present throughout the year (Krause et al. 1986 ). The extension of river water and the position of the surface front based on hydrographic measurements and model simulations seem to exhibit large variability as a function of tidal advection, weather conditions and bottom topography (Becker & PrahmRodewald 1980 , Dippner 1993a . The purpose of this paper is to address the dynamics of the aggregation of wintering divers in relation to meso-and coarse-scale features of the estuarine system by analysis of data collected over a series of cruises from 1986 to 1993, and composites of CZCS-Chl data collected over the German Bight from 1978 to 1986. Aggregations of sub-surface foraging piscivorous seabirds are commonly observed at fronts between mixed and stratified waters (Pingree et al. 1974 , Schneider 1982 , Kinder et al. 1983 , Hémery et al. 1986 , Decker & Hunt 1996 , Begg & Reid 1997 . However, only 2 studies are available on the linkage between seabird aggregations and estuarine fronts: Uspenski (1956, Novaya Zemlya) and Briggs et al. (1987, Gulf of the Farallones). As both species of divers have small biogeographic populations and suffer general declines throughout most of their European breeding range (Tucker & Heath 1994) , the identification of important wintering habitats within the estuarine system of the German Bight has become a conservation priority.
MATERIALS AND METHODS
Study area. The study region of the German Bight covers a surface area of 33 000 km 2 stretching through the German and Danish sectors of the south-eastern North Sea from 54°00' to 56°00' N and from 6°00' to 9°00' E. Throughout the region, depth contours run parallel to the Wadden Sea; the depth of a sandy plain gradually increasing from the east to more than 40 m at the western extremes of the region. Offshore shallows are found at the island of Helgoland, at the Amrum Bank and at Horns Reef (Fig. 1) . The discharge of freshwater from the river Elbe, which amounts to 1000 m 3 s -1 (Dippner 1993a) , and rivers further south along the east Frisian coast, affect a large area of the inner German Bight, creating an estuarine frontal system (Bowman & Iverson 1977) that is anisotropically structured along the coastline (Frey 1990 ). At 54°00' N the estuarine water mass moves northwards as the Jutland Coastal Current (JCC, Lee 1980) , occasionally penetrating as far as 100 km into the North Sea (National Danish Environmental Research Institute), and then advecting towards the Danish shoreline at 56°00' N. In winter, the JCC can be distinguished from North Sea water masses by its low surface temperature, reduced water clarity and salinity below 34 psu (Lee 1980, National Danish Environmental Research Institute) . Hydrographic measurements. The principal sources of concurrent surface salinity measurements were the cruises undertaken during the Jutland Current Project of the Danish Institute for Fisheries Research (RV 'Dana') in 1986 and the annual monitoring programme of the Danish National Environmental Research Institute (RV 'Gunnar Thorson') from 1987 to 1993. Data on Secchi-depth and chlorophyll a were collected during the RV 'Gunnar Thorson' monitoring cruises.
Satellite data. The characterisation and distribution of surface water masses and the identification of the mean location of surface fronts was assisted by the use of low resolution optical satellite data for the German Bight. A total of 577 images were collected between 1978 and 1986 by the Coastal Zone Color Scanner (CZCS) carried onboard the Nimbus-7 mission. The entire CZCS data set is a part of the Ocean Colour European Archiving Network (OCEAN) project. The data has been fully pre-processed for application demonstration projects (level 3) on the use of pigment concentration (i.e. the concentration of chlorophyll-like pigments of phytoplankton or, more likely in this case, total suspended matter concentration) in the mapping of surface waters (from 0 to 10 m depth, Barale et al. 1992) . The data were corrected for atmospheric interference using the algorithms of Gordon & Clark (1981) , Gordon et al. (1983) and Barale et al. (1986) and they represent a mean of all monthly composites for the period, at a resolution of 1 × 1 km. We processed the data using WinChips 4.1b and Idrisi for Windows 2.0, and applied a 3 × 3 mode filter to the data in order to obtain a more general picture. Frontal structures were classified by the analysis of gradients in CZCS-Chl along 3 longitudinal profile lines (at 54°30' N, 55°00' N and 55°30' N). Bird data. A total of 12 longer cruises (at least 200 km line transect) were made in the study region between April 1986 and May 1993, comprising both dedicated cruises from chartered ships and cruises from marine research ships operating in the region (Table 1) . During the majority of the cruises, samples of the density of divers were taken along the entire latitudinal and longitudinal range of the study region. Except for February 1991, the sample size of count periods exceeded 100. The data on the density of divers is considered to be relatively homogenous, as standardised methods developed specifically for recording divers at sea were applied during all cruises. Red-throated and black-throated divers are regarded as some of the more difficult birds to survey effectively at sea, from aeroplane as well as from ship (Laursen et al. 1997) . Standard line transect methods for recording sea birds at sea from ship as suggested by Tasker et al. (1984) have been widely accepted as a satisfactory basis for quantitative judgements of relative seabird abundance. However, modifications of the standard method are necessary to account for the reduced detectability of species such as the red-and blackthroated divers moving out of the transect as the ship approaches (Webb & Durinck 1992 ). According to Tasker et al. (1984) birds in the transect should be detected by naked eye and subsequently identified and counted by the use of binoculars. Red-and blackthroated divers react strongly to approaching ships and they are only rarely detectable without the use of binoculars. In order to record the divers at the correct perpendicular distance from the transect line we used binoculars to scan the transect ahead of the ship with the assistance of an angle-distance corrector (Durinck et al. 1993) . A transect width of 300 m was operated with 4 distance intervals (0-50, 51-100, 101-200, and 201-300 m) within a 90°sector. Estimates of the density of divers per count unit (10 min) were made by correcting for undetected birds away from the centreline using functions of the Distance v.2.0 software package ). The half-normal model ):
2 ) was fitted to the distribution of perpendicular distance intervals to obtain a probability of observation of divers in transect (p) and correction coefficients (1/p).
Data analysis. The strength of the average relationship between the distribution of both species of divers and the JCC was analysed by linear regression of the main gradients of the oceanographical data derived from principal component analysis and the log 10 -transformed densities of divers. As only a minority (11.1%, n = 2756) of the divers was identified as either red-throated or black-throated diver and the 2 species co-occurred (r s = 0.55, p < 0.01), the habitat model was based on the combined abundance of the 2 species. In order to generate meso-scale patterns and reduce autocorrelation effects, the oceanographical (station) and bird density (transect segment) data were smoothed by calculating average values for 0.5°× 0.5°blocks. Topographic variability was measured using the formula (D max -D min )/D max , where D max and D min are maximum and minimum depths, respectively. Salinity gradient was measured by (S max -S min ), where S max and S min are maximum and minimum salinity at the surface. A more detailed description of the relationship was made by comparing the average distribution of surface water masses and surface fronts derived from the historical CZCS-Chl data and the average distribution of divers. Densities of divers were interpolated linearly at a resolution of 3 × 3 km. 
RESULTS

Diver affinity for estuarine water mass
The principal component analysis of the major gradients in the geophysical variables of the German Bight summarised the variables into 3 main factors accounting for 85% of the standardised variation ( Table 2 ). The first principal component, which accounted for 52% of the variance, combined shallow areas < 20 km from the coast with water masses of low surface temperature, salinity and water clarity, strong salinity gradients, and a relatively high density of chl a. These characteristics reflect the oceanographic environment of the JCC well (Karup 1993) , while the second and the third components mainly reflected characteristics of North Sea water masses. A strong average relationship was indicated between the density of wintering divers and the averaged eigenvalues of the first principal component. The equation of the regression line between PCA1 and log 10 diver density was y = 0.22 + 0.06x (r = 0.85, p < 0.01). The affinity for the JCC was further underlined by the fact that no divers were recorded in waters with a surface salinity above 34 psu.
Importance of coarse scale features
The time series of hydrographic measurements from RV 'Gunnar Thorson' shows that an increasing eastwest gradient in surface salinity was present during all surveys (Fig. 2) . The estuarine water mass can be compartmentalised into an inner zone of salinities below 32 psu and an outer zone of salinities between 32 and 34 psu (Fig. 2) . The location of the boundary between the outer zone of mixed estuarine water and North Sea water (> 34 psu) varied considerably. The outer estuarine front was generally located between the 20 and 30 m isobaths. The mean transition between the low saline compartment and the zone of mixed estuarine water was marked by a stronger surface salinity gradient than the outer estuarine front, and was located between the 15 and the 20 m isobars. The front was recorded along the 3 southern transects in a limited region around 07°30' E, except for during the survey in 1987, which was dominated by easterly winds. The demarcation of the inner estuarine front varied along the northern transect north of Horns Reef, and was found west of 07°30' E in 1989 and 1991, and generally appeared to be weaker than that recorded south of the reef. The historical CZCS-Chl measurements clearly indicated that the lateral extension of the mean inner estuarine surface front spanned the gradient between 1.50 and 1.55 mg m -3 chlorophyll-like pigment (Fig. 3) . The mean gradient formed a sharp, 10 km wide, southnorth wedge stretching from 07°30' E at Horns Reef (55°45' N) to 07°50' E south of Amrum Bank (54°30' N) (Fig. 3a) . The outer estuarine front, on the other hand, was not apparent in the mean CZCS-Chl measurements.
The mean density of divers varied along a west-east gradient, with densities increasing rapidly from nil in North Sea water masses to >1 bird km -2 just inside the outer estuarine front. Higher density patches (> 3 birds km -2 ) were almost confined to areas within a distance of 5 km from the mean inner estuarine front (Fig. 3b) . Densities exceeding 10 birds km -2 were associated with the segments of the inner front overlapping the shallows at Horns Reef and Amrum Bank as well as an area off Sylt.
DISCUSSION
Variability of estuarine fronts
This study on the variability of wintering divers in relation to meso-and coarse-scale features of the JCC has provided strong indications for a coarse-scale permanent twin-frontal estuarine system. The system includes a transient outer estuarine front and a stronger, quasi-stable inner front, which both clearly influence the distribution of the study species. Dippner's (1993a) simulations of the meso-scale variability of the German Bight showed that the dynamics of the outer estuarine front mainly depends on wind forcing. The outer front may oscillate over O(10 km) on a time scale of O(10 h). Our observations, which showed that Knowledge of the dynamics of the inner front is poor compared with the outer estuarine front. We interpret the high degree of overlap between the mean frontal zone, indicated by the CZCS images, and the position of the front recorded during all cruises made in westerly winds (between the 15 and 20 m depth contours) as an indication that under the prevailing winter conditions in the German Bight, the inner front has a rather predictable east-west configuration. Judging from the circulation pattern and salinity distribution, the water mass inside the inner front may be characterised as the core of the Elbe plume, and the water mass outside this front as a mixture of water from the Elbe and water originating from rivers further south. Consequently, the front represents a strong hydrographic gradient. As our observations were made during relatively calm conditions and the satellite images have a weather-dependent bias against cloudy conditions, it is likely that the salinity gradient and the predictable configuration of the inner front may not be present during strong cyclonic conditions.
Meso-and coarse-scale habitat affinities
Interpretation of the ordination of physical oceanographic data was relatively clear and provided a satisfactory meso-scale expression of the JCC (PC 1) and the water masses of the North Sea (PC 2 and PC 3) during the winter season. The average relationship between the distribution of wintering red-and blackthroated divers and the distribution of the JCC proved rather strong, with the first principal component providing a good model of the average distribution of divers, accounting for 73% of the variance. The fact that divers were not recorded in water masses of the North Sea during any of the cruises further underlines the affinity of divers for the estuarine water mass.
The tendency for peak densities of divers to be found at the inner front was rather strong, and the limited amount of deviation from this tendency, as illustrated by the average fine-scale pattern in Fig. 3 , discounts the possibility of randomly coinciding patterns. Bathymetry seems to be of secondary importance as a determinant of the habitat of the wintering divers. Although the eastern part of the German Bight is relatively shallow compared to most parts of the North Sea, and local high densities of divers were observed at the banks, peak densities were not associated with the shallowest easterly inner section of the German Bight. Despite the ubiquitous occurrence and easy accessibility of estuarine fronts, few studies have been carried out on their biological importance. These studies do, however, indicate that enhanced secondary production of plankton and fish should be expected at estuarine fronts (Tsujita 1957 , Owen 1968 , Pearcy & Keene 1974 , Tyler & Seliger 1978 , Krause et al. 1986 ). We suggest that frontal processes at the inner front in the German Bight may increase the availability of the primary prey of wintering divers, i.e. small fish < 25 g (Madsen 1957 , Durinck et al. 1994a . The diet of the 2 species in Danish waters consists of a wide range of pelagic as well as bottom-dwelling species such as herring Clupea harengus, sprat Sprattus sprattus, cod Gadus morhua, whiting Merlangius merlangus and sticklebacks Gasterosteus spp. (Madsen 1957 , Durinck et al. 1994a .
The frequent observations of seabird aggregations at oceanographic fronts and in regions of seasonal upwelling indicate intensive usage of recurring patches of prey (Schneider 1990 ). We suggest that in a given climatic scenario, quasi-stable processes governed by the inner front in the German Bight create a predictable location of abundant prey fish for divers in the JCC. The 2 species of divers studied are relatively large birds (1.0 to 3.5 kg, Cramp & Simmons 1977) that experience large energy costs related to flying. Predictability of prey may therefore be a key factor explaining their strong association with a predictable element of the JCC estuarine system. Predictability may be an important element of seabirds' dependence on frontal features in general, a notion which is consistent with the evidence of large increases in the density of seabirds (from <10 birds km -2 to >1000 birds km -2 ) on both sides of tidal mixing fronts (Schneider 1982 , Begg & Reid 1997 . The strength of the inner estuarine front may be an equally important characteristic determining its biological importance in the German Bight. The impact of the strength of surface gradients on the distribution of seabirds has only been studied in the southeastern Bering Sea, where Schneider et al. (1987) found the attendance of birds to peak at fronts characterised by strong surface flow.
Fine-scale process-oriented studies are needed to resolve the linkage between the area swept by the inner estuarine front and enhanced prey abundance. Modelling of fine-scale transient eddies at the Elbe plume front shows that during westerly winds, 3 eddies develop in bottom waters inside the 20 m depth contour at the southern edge of Horns Reef, Amrum Bank and off Sylt (Dippner 1993b (Dippner , 1998 . The development of these eddies seems to be coincident with a higher survival index for sprat larvae during westerlies in the German Bight. This effect can be explained by the combined effect of surface transport into the German Bight and the breakdown of northward circulation created by the eddy field in the deeper layers (Dippner 1993b ). Our study did not permit analysis of diver distribution in relation to the development of eddies in the German Bight, but the observed high densities of divers at Horns Reef, Amrum Bank and off Sylt (>10 birds km -2 ) suggest that the eddy field comprises an important habitat element for the divers.
CONCLUSION
Our results point unambiguously towards the ecological importance of frontal structures of the JCC in relation to the marine ecosystem of the southeastern North Sea. The results confirm that large estuarine systems can support smaller scale structural heterogeneity, as indicated by Dippner (1993b) , and they show that the more predictable and stronger frontal features of the system have the potential to sustain concentrations of predators over extended periods of time. Both the red-throated and black-throated divers wintering in the German Bight are recruited from the Fennoscandian and Russian populations that spend their non-breeding season in shelf seas such as the North Sea and the Baltic Sea (Cramp & Simmons 1977 , Ilicev 1985 , Durinck et al. 1994b . As the occurrence of divers in the German Bight represents one of the largest known winter concentrations of both species along this fly-way (more than 24 000 birds; Skov et al. 1995) , the inner estuarine front may be regarded as a key habitat feature for these species.
